A parallel solver for numerical simulations of a full cardiac cycle in three dimensional domains, based on the anisotmpic Monodomain and Bidomain models, is presented. The solver employs structured isoparametric trilinear finite elements in space and a semi-implicif adaptive method in time. Parallelization and portabiliry are based on the PETSc parallel Iibrav.
Introduction
Knowledge of the rules that govern the full cardiac cycle is a prerequisite for understanding and interpreting abnormal sequences that occur in conduction disturbances. The excitation and recovery phases are influenced by the direction of the myocardial fibers and by the anisoaopic conductivity of the intra and extracellular media. While the former phase has been examined in considerable detail both experimentally and numerically (see [I. 2, 31) , much less is known concerning the latter (see [4, 5, 6, 71). During a normal heartbeat, the time course of the ventricular transmembrane potential displays mainly three phases having different time and space scales. At first in the excitation phase, a moving layer associated with the upstroke of the action potential sweeps the entire cardiac domain. Subsequently, small spatial and temporal potential variations are observed in the long plateau phase and finally smooth changes, in space and time, are associated with the repolarization phase. To tackle the high computational costs involved in large scale simulations of a full cardiac cycle in a three dimensional domain, adaptive and parallel tools are required.
2.
Mathematical models
The Bidomain model. In the Bidomain approach, the anisotropy of the two averaged continuous media, the intra and the extracellular medium, are characterized by the conductivity tensors D,(x) and D,(x) related to the arrangement of the cardiac fibers which rotate counterclockwise from the epicardium to the endocardium, (see [SI). Moreover, from 191, the cardiac tissue has a laminar organization and may be conceived of as a set of muscle sheets running radially from epi to endocardium. Therefore, at any point x, it is possible to identify a triplet of orthonormal principal axes al(x), af(x), ih(x), with q ( x ) parallel to the local fiber direction, at(x) and &(x) tangent and orthogonal to the radial laminae respectively and both being transversal to the fiber axis. Denoting The intra and extracellular electric potentials u,, u. in the Bidomain model are described by a reaction-diffusion system coupled with a system of ODES for ionic gating variables w. Given 
3.
Numerical solver Semi-implicit time discretizations. The time discretization is performed by a semi-implicit method using for the diffusion term the implicit Euler method. while the nonlinear reaction term Iion is treated explicitly. The use of an implicit treatment of the diffusion terms appearing in the Mono-or Bi-domain models is essential to allow an adaptive change of the time step according to the stiffness of the various phases of the heartbeat. The ODE system for the gating variables is discretized by the semi-implicit Euler method; in this way we decouple the gating variables by solving the gating system first (given the potential v" at the previous time-step) 
Results
We have performed several numerical experiments in three dimensions on parallel architectures, with both the Monodomain and the Bidomain models. 20 sec) , the average number of PCG iterations per time-step and the average time per time-step are now much larger. This is not only due to the doubling of the unknowns, but can be attributed to the limits of the one-level preconditioner and to the severe illconditioning of the Bidomain iteration matrix. Full cardiac cycle. In order to study the influence of fiber rotational anisotropy on the repolarization sequence and on the dispersion of APD, we simulate a complete cardiac cycle in a slab of cardiac tissue. "be fibers rotate intramurally linearly with depth for a total amount of 9 0 ' . i.e. ~( x ) = e,cosa(r) + e,sina(r),a(r) = 2 and 3 shows that the spatial features of the dispersion of the APD are not only due to boundary effects but can be partly attributed to the electrotonic modulation related to the fiber rotational anisotropy. We have also performed simulations in axially isotropic media obtaining the same, but less emphasized, anisotropic features of the APD dispersion compared with the orthotropic case. Future work will address the influence of intramural heterogeneity of membrane ionic currents, allowing for differences between epicardial, M cells and endocardial cells.
